A number of key regulatory proteins contain one or two copies of the WW domain known to mediate protein-protein interaction via proline-rich motifs, such as PPxY. The Hippo pathway components take advantage of this module to transduce tumor suppressor signaling. It is becoming evident that tyrosine phosphorylation is a critical regulator of the WW proteins. Here, we review the current knowledge on the involved tyrosine kinases and their roles in regulating the WW proteins.
Introduction
The WW domain was first defined and identified by Marius Sudol in his analysis of the Yes-associated protein (Yap). Yap was isolated as an interacting protein of the Src family tyrosine kinase Yes. [1] [2] [3] WW domains are of approximately 40 amino acids long with a triple stranded beta-sheet fold. 4 Two tryptophan (W) residues located 20-22 amino acids apart are the hallmark of this domain (x 6 Wx 20-22 Wx 5 ) . There are at least four classes of WW domains, with each class having a preferred binding motif. 5 The binding motifs are enriched for proline, with the PPxY motif being the major one. Of interest is the conditional binding motif favored by group IV WW domains, which is a phosphorylated S/T-P module, thus requiring a kinase for interaction with its binding partner. 5, 6 Due to the similarity of the WW domain-binding motifs to PxxP, the consensus binding motif of SH3 domains, there is the possibility for competition between WW and SH3 proteins to bind this motif. Although both the SH3 and WW domain bind their motifs independently, surrounding sequence can influence affinity and specificity. 4 WW domains are found in E3 ligases, transcription coactivators, isomerases, scaffold and signaling proteins. Consistent with their involvement in many basic cell processes, they are implicated in disease processes such as neurodegenerative diseases and cancer. Protein interaction modules such as the WW domain provide convenient means to facilitate protein interaction to promote processes such as signal propagation upon modification. Here, we review the current knowledge on tyrosine kinases and their roles in regulating the WW proteins.
Tyrosine phosphorylation of the WW domain and its binding motif
The WW domain sequence consensus typically has one or more tyrosine residues in the second b-strand of the motif. 5 The conservation of tyrosine residues within the consensus sequences of the WW domain and its interaction domains suggests that direct phosphorylation of these residues will affect binding. The WW protein Wwox provides a nice illustration of this concept. The Wwox (WW domain containing oxidoreductase) tumor suppressor gene is localized to one of the most common fragile sites active in cancer, FRA16D (reviewed in Del Mare et al. 7 ). Wwox has two WW domains at its N-terminus, through which it interacts with a number of different proteins. Wwox interacts with p73 through the first WW domain of Wwox, and the 482 PPPPY motif of p73. 8 Interestingly, this is the same motif through which p73 interacts with both Yap 9 and Itch. 10 Phosphorylation of Wwox at Y33, a site within the first WW domain of Wwox, enhances Wwox binding to p73. 8 This leads to cytoplasmic sequestration of p73 by Wwox. Association of Wwox with the AP-2g transcription factor is also governed by the N-terminal WW domain of Wwox, and the PPPY motif of AP-2g. Like p73, association of Wwox with AP-2g leads to cytoplasmic sequestration of AP-2g. Y33 of Wwox is also important for this interaction. 11 In response to TGF-b stimulation, pY33 Wwox complexes with Hyal-2, the complex localizes to the nucleus, and controls the activation of Smad-driven promoters. 12 Wwox phosphorylated at Y33 has also been shown to associate with S46-phosphorylated p53 in cells exposed to DNA damage and other stress. 13, 14 This interaction stabilizes pS46 p53, and promotes apoptosis. Although this association implicates the WW domain of Wwox in the interaction with p53, binding by p53 in this case is not via a classical motif. Wwox also interacts with activated JNK1, and this also requires phosphorylation of Y33 of Wwox. 15 This interaction competes with Wwox binding to p53. However, the nature of this binding motif has not been completely resolved.
The Y residue of the PPxY WW-binding motif is also a potential target of tyrosine phosphorylation. In fact, tyrosine phosphorylation of this motif has been shown to regulate the interaction between several WW proteins and their interacting proteins. For example, tyrosine phosphorylation of the PPxY motif regulates the binding of the WW protein dystrophin and its cognate binding partner b-dystroglycan. 16 Dystrophin forms a complex with membraneassociated proteins called the dystrophin-associated protein complex (DAPC) in the membrane of skeletal muscle cells. This complex is thought to act as a link between the actin cytoskeleton and the extracellular matrix (ECM), and is implicated in cell signaling events. b-dystroglycan is needed for the interaction between dystrophin and the DAPC. Tyrosine phosphorylation of b-dystroglycan disrupts its interaction with dystrophin, with phosphorylation of the tyrosine residue of the PPPY motif being the most crucial in mediating the disruption. 16 
WW proteins and PTPases
Regulation of protein-protein interactions by phosphorylation implies that in addition to the kinases providing phosphorylation, there must be phosphatases capable of reversing the effect. One example of a tyrosine-phosphorylated WW domain was identified through a screen for substrates of a phosphatase. 17 The WW domain protein Magi1 (membrane-associated guanylate kinase, WW and PDZ domain containing 1) was found to be a substrate of Ptprz (Protein-tyrosine phosphatase receptor type z). Interestingly, Y373, a site within the second WW domain of Magi1, was dephosphorylated by Ptprz, in addition to Y858, within a PDZ domain. 17 Although the functional significance of these phosphorylation sites remains to be explored, it is likely that they affect the binding properties of Magi1. Furthermore, this study, and information curated in PhosphositePlus Õ18 indicate several other sites of phosphorylation on Magi1 that are also likely to be physiologically significant.
Other tyrosine phosphatases have been shown to interact with WW proteins. The non-receptor type protein tyrosine phosphatase 14 (Ptpn14) binds to and negatively regulates Yap. [19] [20] [21] Ptpn14 interacts with Yap through its PPxY motif and the WW domain of Yap. While Yap is a substrate of Ptpn14, 19 the inhibition of Yap activity by Ptpn14 appears to involve several mechanisms, as inhibition of Yap was also observed independently of Ptpn14 phosphatase activity and the PPxY motif. 21 In addition, Ptpn14 interacts with the Hippo pathway proteins Kibra and Lats. Ptpn14 and Kibra activate Lats both independently and cooperatively, and this activation does not require Mst kinases. 22 The PTP domain of Ptpn14 is required for the interaction, but whether the phosphatase activity is required is not known. Activation of Lats by Ptpn14/Kibra then leads to the cytoplasmic sequestration and functional inhibition of Yap. Thus, Ptpn14 inhibits Yap through direct and indirect mechanisms.
Yap and its paralog Taz interact with the tyrosine phosphatase Ptpn11, also known as Shp2. 23 Shp2 is involved in activation of the Ras-Erk pathway in the cytoplasm, and in the nucleus it promotes Wnt target activation. Shp2 binds to Yap and Taz at the WW-and PDZ-binding domains, and its localization is dependent on the localization of Yap/Taz. 23 Thus, Shp2 localization is governed by the Hippo pathway (see further text), which regulates Yap/Taz localization. It has been shown recently that the Polyomavirus middle T-antigen (PyMT) oncogene induces cytoplasmic retention of Taz and Yap, and consequently of Shp2. In this context, Taz WW domain is required to assist PyMT-induced cellular transformation. 24 Another tyrosine phosphatase, Ptpn13, was found to be in a complex comprised of Taz, Ephrin B1, and Nherf1 in bone marrow stromal cells. 25 This complex, and the release of dephosphorylated Taz to the nucleus, is important for proper osteoblast differentiation. 25 It is not yet known whether tyrosine phosphatase activity plays a role here in mediating the interactions.
In Drosophila, the evolutionarily conserved protein Pez interacts with the WW domain containing protein Kibra, one of the upstream regulators of the Hippo pathway. 26 Pez is homologous to the mammalian non-receptor phosphatases Ptpn21 and Ptpn14. Pez has a FERM domain and a protein tyrosine phosphatase (PTP) domain in addition to a PPxY motif. Interaction with Kibra depends on the first WW domain of Kibra, but the FERM, PTP and PPxY motifs of Pez are dispensable, and instead binding depends on a central proline-rich region of Pez. Pez is required for proper regulation of intestinal stem cells, and is an upstream regulator of the Yap ortholog Yki, but this activity is independent of the PTP domain. 26 These examples demonstrate that the potential exists for tyrosine phosphatase activity to affect interaction between a WW protein and its substrate, although more work is needed to confirm this hypothesis.
Tyrosine phosphorylation of WW proteins and the physiological effects Tyrosine phosphorylation of WW proteins and transcription
The first WW protein, Yap, was isolated as a protein that binds the SH3 domain of the non-receptor tyrosine kinase Yes. [1] [2] [3] Yap binds other members of this tyrosine kinase family such as Src, Nck, Crk and c-Abl SH3 domain. About a decade later, it was found that Yap is associated with both Yes and Src tyrosine kinases in osteoblasts. Based on a pharmacologic inhibitor of Src (PP2) and a Src dominant negative mutant, it was suggested that Src family tyrosine kinase signaling increases binding of Yap to transcription factor Runx2 in the process of repressing the osteocalcin gene. 27 However, these studies did not demonstrate that Yap was tyrosine phosphorylated.
The ErbB-4 receptor tyrosine kinase is protealytically processed in response to stimulation, and the cleaved C-terminal fragment translocates to the cell nucleus. Yap associates with this fragment, and together the complex has transcription activation activity. The association depends upon the first WW domain of Yap, and the most carboxy-terminal PPXY of ErbB-4. 28 Interestingly, phosphorylation of the PPXY motif of ErbB-4 interrupts its binding with Yap. 29 Furthermore, WWOX can compete with Yap for binding to full-length ErbB-4 in the cytoplasm, via the first WW domain of WWOX. 30 In this manner, WWOX antagonizes Yap/ErbB-4 transcriptional activity, through cytoplasmic sequestration of ErbB-4.
Direct Yap tyrosine phosphorylation was demonstrated in response to DNA damage. 31 Under this condition, c-Abl phosphorylates Yap at Y357 (Yap isoform with one WW domain) or Y391 (Yap isoform with two WW domains) ( Figure 1 ). This tyrosine residue is located at the Yap transcription activation domain. Whether Src phosphorylates this residue is an open question. In a cell-free system, it has been reported that Src phosphorylates Yap. 19 Others failed to detect an interaction between Yap1 and Src or Fyn in colon cancer cell lines, although overexpressed Src in HEK293 cells is active in phosphorylating Yap. 32 However, our direct comparison between c-Abl and Src in their capacity to phosphorylate Yap revealed that Src is a rather inefficient Yap kinase (unpublished observation).
The Yes tyrosine kinase also phosphorylates Yap. Yap phosphorylation by Yes causes an increase in Yap association with TEAD, and activation of the pluripotency genes Oct-3/4 and Nanog. 33 In the context of colon cancer, Yap forms a complex with b-catenin and Tbx5. Yes-mediated tyrosine phosphorylation of Yap at Y391 causes this complex to localize to promoters of antiapoptotic genes. 32 The paralog of Yap, Taz, is also regulated by tyrosine phosphorylation. Upon hyperosmotic stress, Taz is phosphorylated at Y316 by c-Abl. 34 Interestingly, Taz Y316 is the homologous tyrosine residue that is phosphorylated in Yap (Y391) (Figure 1 ). Phosphorylated Taz interacts with NFAT5 (nuclear factor of activated T cells 5), a major osmoregulatory transcription factor. This interaction suppresses DNA binding and transcriptional activation activity of NFAT5.
The WW protein FE65 is an adaptor protein that mediates transcription activation by the cleaved C-terminus of APP (amyloid precursor protein) (reviewed in Russo et al. 35 ). c-Abl phosphorylates both APP and FE65, but it is the phosphorylation of FE65 at Y547 that is responsible for stimulating APP/FE65-mediated gene transcription. 36 The phosphorylation site is located within the second phosphotyrosine binding domain of FE65, not the WW domain of FE65. In these examples, tyrosine phosphorylation affects the activity of WW proteins that are also transcription coactivators. However, in each of these cases, the phosphorylated tyrosine residue lies outside of the WW domain. The example of ErbB-4 association with Yap represents an example of phosphorylation of the PPxY motif affecting association with the WW domain protein. 
Role of tyrosine phosphorylation of WW proteins in protein stability
Tyrosine phosphorylation of the E3-ubiquitin ligase WW proteins. The Nedd4 family of E3 ubiquitin ligases is characterized by several conserved domains: a Ca 2þ / lipid binding domain, a HECT ubiquitin ligase domain, and two to four WW domains (reviewed in Harvey and Kumar 37 and An et al. 38 ). Its family members mediate the degradation of a wide array of substrates, many of them central components of signaling pathways such as PTEN, TGF-b, and MAPK pathways (reviewed in An et al. 39 ). The Nedd4 family member Nedd4.2 mediates the degradation of AMOTL1. 40 AMOTL1 is a member of the Angiomotin (AMOT) family, membraneassociated proteins originally isolated based on binding to angiostatin and implicated in cell migration, and recently shown to be regulators of the Hippo pathway (reviewed in Moleirinho et al. 41 ). Yap protects AMOTL1 from Nedd4.2-mediated degradation, and this depends on the first WW domain of Yap. This protection is not via competition for binding, but rather through Yap recruitment of c-Abl, which then phosphorylates Nedd4.2 at Y71 and Y457, sites outside of the WW domains, and inhibits its E3 ligase activity. 40 Nedd4.1 is also regulated by tyrosine phosphorylation. FGFR1 is ubiquitinated by Nedd4.1 following FGFR activation, which leads to receptor internalization and degradation. FGFR1 activation of c-Src leads to c-Src-dependent phosphorylation of Nedd4.1 at tyrosine residues including Y43 in the C2 domain and Y585 in the HECT domain. These phosphorylations increase Nedd4.1 ubiquitin ligase activity. 42 PTEN is a substrate of Nedd4.1, and the Src family kinase Rak regulates this degradation. Phosphorylation of PTEN by Rak at Y336 prevents its association with Nedd4.1, and its ubiquitination and degradation. 43 Surprisingly, the Y366 site is not part of a PPxY motif, although it clearly affects the binding of PTEN to Nedd4.1.
The E3 ubiquitin ligase Itch is another member of the Nedd4 family, and has four WW domains. Itch mediates the degradation of a variety of proteins, including the Jun proteins, 44 p73, 10 p63, 45 the Hippo pathway kinase Lats1, 46 and TXNIP. 47 Jun, p73, p63, Lats1, and TXNIP binding to Itch involve interaction between the PPxY motifs of these proteins and WW domain(s) of Itch. Interestingly, an intramolecular interaction between the Itch WW and HECT domains keeps it in an inactive form. Itch is activated by JNK1 phosphorylation of S199, S232, and T222, located within a proline-rich region. 48 These phosphorylations induce a conformational change that enables the E3 ligase activity. In contrast, tyrosine phosphorylation negatively regulates Itch E3 ligase activity. Phosphorylation of Itch by Fyn at Y371, located between the N-terminal second and third WW domain in Itch, reduces its interaction with JunB. 49 Interestingly, phosphorylation of c-Jun by c-Abl at the PPxY motif of c-Jun interrupts association of c-Jun with Itch, and thereby prevents its ubiquitination and degradation. 50 Tyrosine phosphorylation of WW proteins and proteasomal degradation. WW proteins are substrates of proteasomal degradation. In a number of cases, tyrosine phosphorylation affects their proteasomal susceptibility. For example, tyrosine phosphorylation of Wwox at Y287 by Ack1 (activated Cdc42-associated kinase) leads to the dissociation of Wwox and Ack1, and the ubiquitination and proteasomal degradation of Wwox. 51 This tyrosine residue is positioned outside the WW domains described above; Wwox therefore exemplifies several variations on the theme of regulation by tyrosine phosphorylation of WW domain proteins.
Additional examples are Yap and Taz WW proteins. Phosphorylation of Yap at S381 by Lats primes further phosphorylation by CK1d/e, resulting in a phosphodegron recognized by the F-box protein b-TrCP and ubiquitination by the SCF/CRL1(b-TrCP) E3 ligase 52 leading to proteasomal degradation (Figure 1) . A similar mechanism regulates Taz stability. 53 The Taz phosphodegron motif is phosphorylated by Lats at the S311 residue. Interestingly, the tyrosine phosphorylated sites, Y391 and Y316, of Yap and Taz respectively, are at the very same regions. Given the fact that tyrosine-phosphorylated Yap accumulates to high levels, 31 it has been speculated 52 that this modification downregulates b-TrCP binding to the nearby phosphodegrons, although this awaits experimental confirmation.
Accumulation of WW proteins, in turn, may protect other proteasomal substrates undergoing polyubiquitination by the WW E3 ligases. A rather well-studied case is the tumor suppressor p73, the p53 paralog. p73 is targeted by the E3 ubiquitin ligase Itch, a WW domain protein that binds to p73 through its PPxY motif. 10 Yap, by competing for binding to this motif, reduces Itch-p73 interaction and ubiquitination. 54, 55 Thus, tyrosine phosphorylated Yap that accumulates to high levels leads to stabilization and accumulation of p73.
An interesting regulatory circuit was described that couples Itch expression to Yap and p73 tyrosine phosphorylation. The Yap-Runx complex targets the Itch gene to induce its transcription. Under DNA damage Yap is tyrosine phosphorylated by c-Abl. The modified Yap dissociates from Runx and the level of Itch is reduced. This mechanism ensures downregulation of the WW E3-ligase Itch under DNA damage, a process that supports p73 accumulation. 56 
Tyrosine phosphorylation of adaptor and scaffold WW proteins
Iqgap1 (IQ motif-containing GTPase activating protein 1) is a member of the Iqgap family, expressed in organisms ranging from yeast to humans (reviewed in White et al. 57 ). Iqgap1 is a ubiquitously expressed scaffold protein, which binds or indirectly associates with over 90 different proteins, and helps to mediate receptor signaling, small GTPase function, actin dynamics, neuronal regulation, intracellular trafficking, and more. Iqgap1 has a WW domain, which is needed for Iqgap1 interaction with Erk1/2. 58 Interestingly, interruption of the interaction between Erk1/2 and Iqgap1 by using a competing peptide containing the WW domain is able to inhibit RAS-and RAF-driven tumorigenesis that is dependent on Erk signaling. 59 Iqgap1 is tyrosine phosphorylated in response to growth factor stimulation, such as VEGF 60, 61 or EGF, 62 although the site(s) phosphorylated were not identified. The PhosphositePlus Õ site has evidence from numerous Mass Spectrometry studies that Iqgap1 is tyrosine phosphorylated on several residues, some close to the WW domain. 18 The functional significance of each site is still unknown. Similarly, another GAP with a WW domain, Arhgap12, is also tyrosine phosphorylated on multiple residues of the protein according to Mass Spectrometry data curated by PhosphositePlus Õ . 18 In addition, the WW domain-containing dystrophin-related protein Utrophin has tyrosine phosphorylated residues. The significance of these events awaits study. Table 1 summarizes the WW proteins/binding proteins for which the tyrosine kinases or the phosphorylation sites have been specifically characterized.
WW proteins and Hippo pathway
The first WW protein to be discovered, Yap, is the downstream effector of the Hippo pathway. The Hippo pathway is an evolutionarily conserved pathway from flies to humans that regulates cell proliferation and organ size (reviewed in the literatures 63, 64 ). In response to extracellular and mechanical cues indicating cell contact and crowding, a kinase cascade is initiated. At the core of the Hippo pathway cascade the S/T kinases Mst1/2, with the scaffold WW protein WW45, phosphorylate and activate S/T kinases Lats1/2. Lats in turn, together with cofactor Mob, phosphorylates Yap1/2, and its paralog Taz. Phosphorylation of the transcription coactivators Yap and Taz by Lats increases their affinity to the 14-3-3 proteins, leading to cytoplasmic retention. Lats phosphorylation of Yap and Taz also promotes their proteasomal degradation mediated by b-TrCP. These processes blunt nuclear import of Yap and Taz, preventing them from coactivating the TEAD family of transcription factors. As a result, the expression of pro-proliferative and anti-apoptotic target genes is downregulated. Thus, Hippo pathway activation arrests cell proliferation. Unfettered cell proliferation and cancer can ensue when Hippo pathway is off or dysregulated.
Interestingly, many of the Hippo pathway components are WW proteins (reviewed in Salah and Aqeilan 65 ) and can be grouped by their possession of WW domains or WW binding motifs, particularly the PPxY (PY) motif. This modularity of the Hippo pathway with its extensive use of WW domain interactions may indicate its evolutionary origins. 66, 67 In addition, it permits non-linear interactions within the pathway. 66 
Hippo pathway and tyrosine phosphorylation
Tyrosine phosphorylation of the Hippo pathway effectors, Yap and Taz, is important in guiding specific functional output and instructing cell fate. The Yap transcription coactivator targets several different transcription factors, including the TEAD family for activation of pro-proliferative genes; Runx, for activation of differentiation and other targets, such as Itch; and p73, for induction of pro-apoptotic genes. Tyrosine phosphorylation regulates Yap binding to its transcription factor partners and to specific target genes. An example of this is Yap phosphorylation by c-Abl in response to DNA damage. Under this condition, the modified Yap binds to and coactivates p73 in targeting proapoptotic genes. Yap phosphorylation also influences the choice of p73 target genes, with phosphorylated Yap preferentially associating with pro-apoptotic genes such as Bax, rather than the cell cycle arrest gene p21. 31 Phosphorylation of Yap also switches target gene expression via increasing Yap association with a distinct group of transcription Note: This table summarizes the tyrosine phosphorylated proteins described in the text whose phosphorylation sites and/or kinases have been specifically characterized.
factors. For example, the modified Yap preferentially binds and transactivates p73, whereas its association with Runx is compromised. 31 Furthermore, phospho Y391 Yap or its phosphomimetic mutant coactivate the TEAD transcription factors less efficiently than unphosphorylated Yap. 68 (Figure 2 ).
Although the documented cases are still relatively few in number, as noted above there are many phosphorylations identified by mass spectrometry whose function has not been characterized. In addition, there may yet be others that exist that have not yet been detected experimentally. Nevertheless, the available data do offer some insight with mechanistic implications. Most of the documented cases of tyrosine phosphorylation of WW proteins involve tyrosine phosphorylation of regions of the proteins outside of the WW domains, yet these phosphorylations affect interactions involving the WW domain. For example, phosphorylation of Yap by c-Abl at Y391 reduces its interaction with Runx, 31 despite the fact that Runx does interact with Yap through the Yap WW domain, and Y391 is not within the WW domain. Although the WW domain binds its motif independently, 4 there are cases where regions outside the WW domain can affect this interaction, as with the interaction between dystrophin and b-dystroglycan, which depends upon the EF hands and N-terminus of dystrophin. 69 We can infer that other WW domain interactions might be affected by phosphorylations outside of the interaction domain that lead to allosteric effects. Furthermore, certain WW proteins might display auto-inhibitory interactions where the WW domain interacts with another site on the protein, as in the case of Itch, whose WW domain interacts with the HECT domain, despite the non-canonical motif used for the interaction. 48 In the case of Itch, the autoinhibition is relieved by JNK phosphorylation. It is logical that tyrosine phosphorylation may perform this role in other settings.
As noted earlier, the Hippo pathway employs many WW proteins. Tyrosine phosphorylation events on members of this pathway, such as Yap and Taz, demonstrate crosstalk between Hippo and other signaling pathways in the cell. Interestingly, tyrosine phosphorylation of the WW proteins reported to date most often involves non-receptor tyrosine kinases, such as Abl, Src, and Yes. These kinases possess SH2 and SH3 domains for binding to phosphotyrosine and polyproline sites, respectively, and thus may also serve a scaffolding function in bringing together proteins of different pathways. In addition, these kinases are involved in modulating actin dynamics. Recent studies have demonstrated an interplay between mechanical cues, the actin cytoskeleton, and the Hippo pathway (reviewed in the literatures [70] [71] [72] ). Thus, involvement of these tyrosine kinases in modulating WW protein activity may be relevant to this interplay. Furthermore, several of the WW domain proteins described earlier are themselves involved in actin dynamics, such as Iqgap1, Arhgap12, and Utrophin. This common use of WW domains and tyrosine phosphorylation could help to bridge mechanosensing and Hippo pathway signaling.
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